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Of the cell types in the brain, microglial cells form the active innate immune defence in the central nervous system (CNS). As the innate inflammatory response is implicated in many CNS diseases, e.g. Alzheimer's disease and Parkinson's disease, the activation state of microglia is an important monitoring parameter during exposure to CNTs. Before CNTs can be used therapeutically or as diagnostic agents, there is a need to assess and control their cellular interactions, i.e. to determine: the ability of microglia to process and internalise CNTs; which organelles are targeted inside the cells; the inflammatory state of microglia; and to assess whether the CNTs are safe for human therapeutic use. While concerns have been raised about the neurotoxicity of carbon nanostructures [13] , there are few reports on the interaction of CNTs with microglial cells. In this regard, Bardi et al. injected pluronic F-127coated MWNT into the visual cortex of mice and observed no adverse toxicological effects at the cellular level [13] . In addition, MWNTs loaded with deoxyribonucleic acid (DNA) and small interfering ribonucleic acid (siRNA) also induced no significant changes in cell proliferation or inflammation and were internalised by a BV2 microglial cell line [14] .
Variations in CNT physicochemical properties, such as length, aggregation state and changes in the surface chemistry/functionalisations of CNTs, will affect immune responses and could contribute substantial cytotoxicity within the time frame of CNT clearance [15] [16] [17] . For instance, Poland et al. [18] reported potentially asbestos-like inflammation, lesions and frustrated phagocytosis in mice exposed to long (>10 μm) CNTs, while shorter (5 μm) and
bundled CNTs, more similar to the MWNTs used in the present study, did not elicit such a
response. An increased density of functional groups or defectiveness of the CNTs may reduce   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   4 biopersistence, but may also increase cellular uptake and modulate immune or cytotoxic responses of the cells. The dispersion state of CNTs has been identified as one of the factors influencing cellular uptake and the profibrogenic macrophage responses to MWNTs [19] . In the lung, dispersed carboxylated MWNTs were more readily taken up by alveolar macrophage cells and induced more prominent TGF-β1 and IL-1β production both in vivo and in vitro compared to non-dispersed MWNTs [19] . Additionally, Al-Jamal et al. [20] have demonstrated differences in organ distribution and excretion of radiolabelled ammonium functionalised CNTs injected into mice which was attributed to differences in the degree of chemical functionalisation and hence CNT individualisation.
In the brain, MWNTs may be present in both dispersed and agglomerated states. MWNT clusters have been observed in vivo following cortical stereotactic administration into the mouse brain cortex [21] , while it has been shown that CNT aggregates could become detached from implanted neural interfaces in rats [12] . CNTs designed as drug delivery vehicles could transcytose across the BBB as individual nanotubes or clusters. However, few studies to date have considered the cellular response to the aggregated CNT population. Sato et al. [22] analysed injected aggregates of oxidised MWNTs within murine subcutaneous tissue using high resolution transmission electron microscopy (TEM) and Raman spectroscopy. They observed large aggregates that were present in the intercellular space, which did not undergo degradation at time points measured up to two years after injection. By contrast, it was suggested that small aggregates were phagocytosed by macrophages, where they were gradually degraded within lysosomes [22] . While these results have important implications for the biopersistence and biocompatibility of MWNTs, the techniques used provide only snapshots in time of the distribution and structure of extra-and intra-cellular MWNT aggregates. Single time-point imaging provides limited information on dynamic uptake processes. For example, the small aggregates which are observed within 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 5 macrophage cells after two years may have been initially presented to cells as small aggregates, or alternatively they could have been broken/untangled from larger aggregates.
Without stereological analysis of the time-dependence of aggregate sizes, which is difficult to achieve with the limited sampling inherent in TEM analysis and animal experiments, it is not possible to distinguish between these two scenarios. Dynamic techniques which are able to track the same extracellular MWNT aggregates over time would provide more information on the extracellular processing and internalisation processes controlling the ultimate biopersistance of these materials. For example, Jin et al. [23] have used the intrinsic band-gap fluorescence of SWNTs to track their interactions fibroblast cells, to provide evidence for SWNT exocytosis. However, this analysis was performed on individualised SWNTs only.
Since a mixed population of individual and aggregated MWNTs will often be present in cell culture medium, a multi-scale/modal analysis is required to (a) monitor the uptake of both the aggregates and individual MWNTs at the cellular level and (b) correlate this analysis with higher-resolution, nano-scale imaging, in order to obtain insights into the extracellular processing and internalisation mechanisms. Furthermore, there are relatively few studies which quantify the amount of unlabelled MWNTs that come into contact with, or are internalised by, cells and which correlate this information to cell toxicity. Raman spectroscopy has been used to determine SWNT concentrations in washed macrophage cell samples [24] as well as in fibroblast cell lysates [25] ; however, resonance effects make direct quantification challenging.
In this study, the hypothesis that the severity of the oxidative treatment controls the ability of phagocytic cells to break down and internalise aggregates of MWNTs is tested for the first time. A combination of light and scanning electron microscopy (SEM) was used to provide coupled dynamic and static information about the process by which phagocytic cells break up extracellular MWNT aggregates and provide information on whether the extracellular 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   6   aggregates are fully internalised by microglial cells. 3D SEM and TEM are used to track, at   the subcellular level, how both the aggregates and individual MWNTs are processed and internalised, as well as their destination inside the cells. Cellular uptake of each format of MWNTs was quantified by UV-vis spectroscopy and correlated to inflammation, metabolism and activation of the microglial cells. Importantly, this study is performed without the use of fluorescently labelled probes, which could alter physicochemical properties and biologicalinteraction of MWCNTs. More generally, microglial cells are capable of macrophage-like activities, such as phagocytosis and antigen-presentation [26] , and thus represents an important phagocytic cell model for studying the role of aggregation in the biopersistence of MWNTs.
Materials and Methods

Preparation and characterisation of MWNTs
Acid oxidation functionalisation. Pristine MWNTs were purchased from Arkema SA, France. In a typical reaction [27] , 300 mg of Arkema MWNTs and 30 mL of concentrated sulphuric acid (A.R. grade, 98%, Sigma-Aldrich, UK) and nitric acid (puriss. p.a. plus, 65%, Fluka, UK), mixed at a volume ratio of 3:1 was heated to reflux at 120°C. After 30 minutes of heating, the reaction solution was cooled and then diluted with 500 mL of icy water. In order to remove the carbonaceous debris generated, a base wash process was carried out, as previously described [27] . The acid oxidized MWNTs (AO-MWNTs) were first washed with distilled water through a sintered glass filter, using a 0.45 µm polytetrafluoroethylene (PTFE) membrane, until the filtrate was colourless and the pH reached that of the distilled water (~ 5.5). Subsequently, the AO-MWNTs were washed with approximately 500 mL of 0.01 M sodium hydroxide (AnalaR grade, VWR, UK), until the brown dark colour filtrate ran clear.
The base washing removes residual carbonaceous debris, reducing the confounding effects of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 7 remnant carbonaceous debris for detecting the degradation process or the bioreactivity of the MWNTs [27] [28] [29] . The solution was washed once again with distilled water until the filtrate reached a neutral pH. Finally, the MWNTs were washed with approximately 500 mL of 0.01 mol/L HCl (AnalaR grade, BDH) and then washed to neutral pH once again. Acid:MWNT ratios (volume/mass, mL/mg) of 20 to 100 were used for MWNT shortening (referred to as 20AO and 100AO, respectively). AO-MWNTs prepared in this way are commonly used in the fields of environmental and occupational health, as they are well dispersed in aqueous media and, unlike MWNTs functionalised with positive charges, do not damage cellular membranes [30] .
Raman spectroscopy. Raman spectra (1000-1800 cm -1 ) were collected on a LabRam Infinity Raman spectrometer (Horiba, UK), using a 532 nm laser (scan time 90 s, an average of 3 scan cycles). The D/G intensity ratio was determined from the ratio of integrated areas under the Raman bands at around 1350 cm -1 (D-band) and 1580 cm -1 (G-band) [31] . Average values and standard deviations (SD) were obtained from five independent measurements. Zeta potential measurements. MWCNTs were prepared as suspensions at a concentration of 10 μg/ml in sterile distilled water and in the culture medium used for cell exposure. The samples were briefly sonicated and vortexed before the zeta potential assessment using a Malvern Zeta NanoSizer (Malvern, UK).
UV-vis spectroscopy. The water compatibility of the MWNTs was characterized by UV-vis spectroscopy (Lambda 950, Perkin Elmer, UK). As-received and functionalised MWNTs were bath sonicated (45 kHz, 80W, VWR International, UK) in high-performance liquid chromatography (HPLC) water for 20 min with different initial powder loading concentrations of 100 μg/mL, 500 μg/mL, 1 mg/mL and 2 mg/mL. MWNT aggregates were then settled by centrifugation for 15 min at 10,000 g. The supernatant was carefully decanted is the extinction coefficient (35.10 mL·mg -1 ·cm -1 for Arkema MWNTs at 800 nm [32] ) and d is the light path length (cuvette length = 1 cm in this study). The AO-MWNTs showed significantly enhanced water compatibility compared to the pristine MWNTs [33] .
SEM/filtration method.
A membrane-filtering protocol was adapted from a previously published study by Müller et al. [34] . MWNT suspensions were prepared in complete medium (Dulbecco's Modified Eagle's Medium (DMEM)) supplemented with 5% foetal bovine serum (FBS, Sigma, UK), 8 mM L-glutamine (Sigma, UK), 100 U/L penicillin and 100 μg/mL streptomycin (Sigma, UK)) at a concentration of 10 µg/mL, and ultrasonicated for five min at room temperature (RT). After an additional 30 minutes settling time, 1 mL of suspension was passed through 3 µm membrane filters (13 mm diameter Isopore membrane plain, Millipore, UK) using a syringe and filter holders (Sartorius Stedim Biotech, Germany).
Membranes were then rinsed with 1 mL deionized water (DIW) and dried at 60ºC for 60 min.
Samples mounted on aluminium SEM stubs were gold-coated and imaged by SEM using a Zeiss Auriga FIB-SEM (Carl Zeiss NTS).
Exposure of N9 microglia to MWNTs
Cell culture. The immortalised microglial N9 cell line, produced through oncogenic retroviral transformation of embryonic day 13 mouse microglial cells [35] , was used throughout this study. The N9 cell line has been used extensively in microglia reactivity studies and closely mimics the responses by primary microglia [36] . The N9 cells were maintained in complete medium at 37°C in 5% CO 2 .
Microglial exposure. Microglia cells were seeded on 6, 24 or 48-well plates at a density of 4.5×10 4 cells/cm 2 , by utilizing a haemocytometer to count cell numbers. The cells were 9 maintained in complete medium and cultured for 24 hrs prior to experimentation, to allow them to recover a resting phenotype. The MWNTs were prepared and handled in sterile conditions during experiments and stored in water at 4˚C. Before microglial exposure, the MWNT were diluted in complete medium and ultrasonicated for five min at RT.
Supplementary information on the stability of MWNT in complete medium is available in Supplementary Fig. 2 . Immediately after sonication, MWNT suspensions were exposed to the cells at the desired concentrations (1-10 μg/mL) for 24 hours. All experiments were performed in triplicate.
Endotoxin test. Before examining the cytotoxicity of the MWNTs, the endotoxin content of the samples was assessed. An endotoxin assay was performed using the Limulus Amebocyte Lysate (LAL) Chromogenic Endotoxin Quantitation Kit (Thermo Scientific, UK). The endotoxin content of pristine, 20AO and 100AO MWNTs was 0.004 ± 0.002, 0.84 ± 0.06 and 0.97 ± 0.12 EU/mL (mean ± SD), respectively, concentrations which did not cause microglial toxicity or activation ( Supplementary Fig. 3 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10 was conducted more than three times with similar results, and a representative video at each condition is presented as supplementary data (videos 1 and 2). 
Uptake of MWNTs by N9 microglia
Determination of viability and inflammatory response
Lactate dehydrogenase release assay. Lactate dehydrogenase (LDH) release was used to quantify cellular membrane integrity as a parameter of cell viability. Microglia were grown in 24-well plates as described above. Following 24 hrs of CNT treatment, 10 L of cell medium 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   11 were transferred to a 96-well plate and mixed with 100 L of LDH reagent (Abcam, UK) to measure the levels of released (extracellular) LDH. The microglia were then lysed with the kit's cell-lysis solution (in the original incubation medium) and 10 L of cell medium was transferred to a 96-well plate and mixed with 100 L of LDH reagent to measure total (intracellular plus extracelluar) LDH. Optical density (at 450 nm) was measured after 5-10 mins following addition of LDH reagent, with cell viability quantified as the optical density ratio of released LDH to total LDH. The adenylyl cyclase inhibitor MDL-12330 (50 M × 24 hrs) (Sigma, UK) was employed as a positive control for cell death.
Cell viability assay. The MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay was used to quantify metabolic activity as a second parameter of cell viability [37] . Microglia were grown in 96-well plates as described above.
Following CNT treatment, microglia were washed with complete medium and incubated with fresh complete medium (100 L) containing 10 L MTS reagent (Sigma, UK). Microglia were incubated at 37 o C for 1-2 hrs and the optical density measured at 450 nm to determine intracellular NADH levels. Viability was determined from the optical density as a percentage of control cells. Similarly to LDH assays, the adenylyl cyclase inhibitor, MDL-12330, was employed as a positive control for cell death.
Nitric oxide quantification. Due to its short half-life, production of nitric oxide (NO) was assessed through quantification of its stable metabolite, nitrite (NO 2 -), using the Griess reaction [38] . Following 24 hrs of CNT treatment, 75 L of cell culture medium was transferred to 96 well plates and incubated with 75 L of Griess reagent (sulfonilamide plus 1-(naphthyl)ethylenediamine, Sigma-Aldrich, UK) at RT in the dark. Levels of nitrite were quantified by measuring absorbance at a wavelength of 540 nm after 5-10 min incubation.
Optical density was converted to nitrite concentration using a sodium nitrite standard curve. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Cell proliferation assay. Microglial proliferation was measured by quantifying live microglia with the use of Trypan blue dye, which is internalized into cells with compromised membranes (i.e. dead/damaged cells) and excluded from cells with intact membranes (i.e. live/healthy cells). Briefly, N9 microglia that had been plated in 6-well plates were treated with CNT. Following 72 hrs of incubation, the cell medium was replaced with fresh medium (1 mL) and the microglia were thoroughly scraped from the well. A total of 10 L of medium was then mixed with 10 L of Trypan blue and placed on a haemocytometer to count the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 number of live microglia in a 0.1 L volume. The counting procedure was repeated twice for each condition.
Determination of intracellular fate of MWNTs
TEM. For TEM imaging and analysis, N9 microglia were seeded on 6-well plates and exposed to 10 µg/mL of MWNTs for a pulse of two hours, followed by chase periods of 2 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 significance was assessed by means of a one-way ANOVA with a Tukey's post-hoc test, with statistical significance which was deemed at p < 0.05.
Results
MWNT characterisation
Pristine and AO MWNTs were characterized by SEM and high resolution TEM ( Fig. 1a -i) to verify their purity and crystalline structure. Increasing the acid:MWNT ratio (volume/mass, mL/mg) from 20 to 100 decreased the MWNT length distribution from 0.32 ± 0.30 µm ( Fig.   1d ,e) to 0.19 ± 0.21µm ( Fig. 1g , h) [41] . The outer walls of the MWNTs were significantly damaged by the acid oxidation treatment, and features such as thinning of MWNTs and delamination were observed in agreement with previous reports [33] (white arrows in Fig. 1f , i). Comparatively little amorphous material (black arrows) was observed on MWNT surfaces by HRTEM, suggesting that oxidation debris generated by acid treatment was adequately removed by base-washing ( Fig. 1f , i). 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 16
The main features in the Raman spectra of MWNTs were the two peaks at around 1580 cm -1 showing the graphite band (G-band) and at around 1350 cm -1 , the defect band (D-band) (Fig.   1j ). The G-band is associated with the in-plane vibrations within (intact) graphene layers of the MWNTs walls, while the defect band (D-band) is attributed to disorder in the graphene structure, carbon vacancies, functional groups, graphene layer edges or amorphous carbon content. Therefore, the relative peak intensity ratio of the D-and the G-band gives an indication of the defect density of the MWNTs [42] . Raman spectroscopy measurements indicated an increase in disorder of CNTs framework with increasing acid:MWNT ratio as reported previously [41] (Fig. 1j ). Thermogravimetric analysis (TGA) and X-ray photoemission spectroscopy (XPS) provided complementary evidence that increasing the severity of the acid oxidation treatment led to an increase in the density of both defects and oxygen-containing functional groups ( Supplementary Fig. 1 ).
AO MWNTs showed significantly enhanced water compatibility compared to the pristine MWNTs, as indicated by large zeta potentials and the dark colour of the supernatant solutions after centrifugation (10,000 g, 15 mins). The zeta potential of the 20AO and 100AO MWNTs decreased in the FBS supplemented cell culture media compared to water (Fig. 1k ), which is significant as this increases the propensity of AO MWNTs to form aggregates within the medium. Interestingly, Heister et al. [43] reported a similarly reduced stability of oxidised SWNTs in cell media compared to water, and attributed this result to the competing effects of salt concentration (which decreases the stability of the SWNT dispersion) and adsorption of serum proteins, which, in turn, increases stability. Light microscopy of MWNT aggregates in complete medium was used to measure aggregate sizes of ~100 aggregates that had diameters larger than 2.25 µm ( Supplementary Fig. 4 ). Pristine, 20AO and 100AO MWNT aggregates displayed similar mean aggregate diameters of 7 ± 7 µm, 8 ± 6 µm and 5 ± 4 µm, respectively. SEM micrographs of MWNT aggregates retained on membrane filters 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 17 ( Supplementary Fig. 4 ) confirmed the similarities in aggregate diameters between MWNTs with different degrees of oxidation.
Live imaging of cellular internalisation of extracellular MWNT aggregates
Viewed under the optical microscope, opaque black particles 1-20 µm in diameter were visible in cell culture media containing pristine or AO MWNTs ( Fig. 2a,g) . These particles were confirmed by subsequent SEM imaging to comprise of large aggregates of MWNTs ( Fig. 3 ). While pristine MWNT aggregation is expected, AO MWNT aggregation can be explained by the reduced zeta potential of the AO MWNTs in the 5% FBS supplemented DMEM cell culture media compared to DIW.
When N9 microglia were incubated with the 100AO MWNTs ( Supplementary Video 1) , cells which came into contact with aggregates of 100AO MWNTs often remained in close proximity to the aggregate. The interaction between the plasma membrane and aggregate was strong enough that once attached to a cell, a previously stationary MWNT aggregate could be 'pulled' tens of microns across the plate. These interactions were initiated during the first 1-3 hrs of incubation ( Fig. 2a, b) , and 100 AO MWNT aggregates appeared to be fully surrounded by microglial cells after 12 hrs of exposure ( Fig. 2c ). By ~48 hours, the original aggregate size (20 µm) was reduced while smaller opaque particles less than 10 µm in diameter were often observed in the surrounding microglia ( Fig. 2e, arrows) . These observations are consistent with the smaller aggregates of 100AO MWNTs having been broken off from the original large aggregate by the cellular activity.
The microglia which had been observed by live cell imaging, were subsequently prepared for SEM analysis by critical point drying (Fig. 3 ). Opaque particles observed by light microscopy 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 18 were confirmed to be MWNT aggregates by SEM imaging, and N9 microglia were observed to be interacting with the 100AO MWNT aggregates (Fig. 3a,b ). Microglia were sectioned using the focused ion beam, and SEM imaging of serial cross-sections revealed the presence of sub-micron aggregates ~400 nm in diameter (Fig 3c, d , white arrows) which had been completely internalized by the microglia. Thus, correlative live imaging and FIB-SEM support the interpretation that interactions between microglia and AO MWNTs lead to the break-up of aggregates and subsequently their internalisation by cells ( Fig. 3) . 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 19 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 The majority of pristine MWNT aggregates remained intact after 48 hrs and microglia were found in close association with the surface of large extracellular aggregates ( Fig. 3e-h ).
However, a small number of aggregates with diameters of less than 4 µm were observed after 30 hrs of incubation (black arrows, Fig. 2j , k) and N9 microglia were observed to engulf these small aggregates. Further SEM analysis demonstrated a close association of the microglia at the surface of pristine MWNT aggregates (Fig 3e-h) , with microglia partially wrapped around the pristine MWNT aggregate which remained intact (Fig. 3h ).
UV-vis quantification of AO MWNT uptake
After establishing that aggregates of AO MWNTs could be internalized by microglia, the ability to control the extent of internalisation by varying the D:G ratio (along with the associated small variations in CNT length) was determined. Pristine MWNT uptake was not evaluated using this method as the highly aggregated pristine MWNTs could not be re- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 21 suspended in cell medium to a high enough degree to enable reproducible concentration measurements by UV-vis spectroscopy. Figure 4 shows the percentage of 100AO and 20AO
MWNTs that was recovered in the cell medium after incubation with N9 microglia for various lengths of time. This measurement indirectly quantifies MWNT uptake and adhesion to the microglia, as the remaining MWNT fractions are most likely internalized by N9 microglia, or are associated with the plasma membrane tightly enough to not be readily washed off. Very little MWNT uptake and association is observed between 2 and 6 hrs.
However, after 24 hrs of incubation, 52% ± 2% of 100AO MWNTs and 40% ± 3% of 20AO
MWNTs were found to be interacting with N9 microglia. 
Cell reactivitytoxicity, cytokine production and activation
Neither the pristine nor acid oxidized (20AO or 100AO) MWNTs had significant effects on the viability of microglia as measured by the MTS and the LDH release assays (Fig. 5a -h) at 24 hrs, up to a concentration of 20 g/mL (pristine) or 10 g/mL (AO). As a positive control, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 22 N9 microglia were treated with the adenylyl cyclase inhibitor, MDL-12330 (24hrs, 100 μM), which resulted in a significant increase in LDH release (Fig. 5d ) and a significant decrease in metabolic activity (Fig. 5h) . Similarly, treatment with pristine or 20/100 AO MWNT failed to increase NO production ( Fig. 5i-k) and also failed to induce release of pro-inflammatory cytokines (Fig. 5m-t) , while treatment with LPS (500 ng/mL) as a positive control resulted in robust increase in NO production ( Fig. 5l ) and pro-inflammatory cytokine release (Fig. 5p,   u ). After incubation for 24 hrs with the MWNTs, only the pristine MWNT induced a significant increase in ROS activity in the microglia (Fig. 5v) 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 23 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 24 through an LDH release assay (a-d) and metabolic activity through an MTS assay (e-h).
Microglia were treated with an adenylyl cyclase inhibitor as a positive control for cell death 
TEM of intracellular MWNTs
The aim of TEM imaging was to study the intracellular processing of the MWNTs after known periods of time within the N9 microglia. Therefore, a pulse chase experiment was conducted in which cells were exposed to MWNTs for two hrs (pulse), after which any unbound MWNTs were removed by washing. After a further two hrs of incubation (chase), cells revealed similar distributions of 20AO and 100AO MWNTs. As no significant differences were observed between 100AO and 20AO MWNT distributions, TEM results from both oxidized MWNTs will be discussed together in this section.
AO MWNTs were observed at the plasma membrane of N9 microglia, and some MWNTs appeared to be inserted into the plasma membrane ( Fig. 6b and 7a) . AO MWNTs were also present as aggregates inside large (0.5-5 μm, Fig. 7b,d) and smaller (~400 nm) endosomes ( Fig. 6c, 7c ). Individual AO MWNTs were observed within the cell cytoplasm (Fig. 7b) , 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 25 which could either indicate translocation of AO MWNTs across the plasma membrane, or escape from endosomal compartments.
After a 2 hr pulse, followed by a 24 or 72 hr chase, both types of AO MWNT were observed in the cytoplasm of N9 microglia, and also clustered within vesicles. After the 72 hr chase, AO MWNTs were additionally observed in multilaminar bodies, with concentric membrane structures and outer diameters of ~400-800 nm (Fig. 6i, 7i) . In order to determine if the multilaminar bodies were related to autophagosomes, the expression of autophagy-related genes was investigated using quantitative reverse transcription polymerase chain reaction (qRT-PCR) [44] . However, no significant changes in the expression of genes normally associated with the induction of autophagy (ATG-5, ATG-7, ATG-10, ATG-12, ULK and BECN-1) were observed compared to controls ( Supplementary Fig. 5 ). No AO-MWNTs were observed inside nuclei or mitochondria at any time-point, with these cell compartments appearing normal. High-resolution images of AO MWNTs found in the microglia cytoplasm after 24 hrs showed that the AO MWNTs were at varied stages of structural breakdown (Fig.   8 ). Morphological damage to the AO MWNT structure was observed, including highly disordered graphitic structures (Fig. 8a-c) , and delamination of the outer walls of the AO MWNTs ( Fig. 8d-f ). However, the amount of structural disorder which can be attributed to intracellular degradation was not quantified, owing to a large range in the degree of MWNT defectiveness caused by the acid oxidation process itself [33] . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 28 In contrast to AO MWNTs which were observed both individually and in clusters, and which were readily internalized by N9 microglia, TEM imaging showed that pristine MWNTs were mostly present within large micron-sized aggregates ( Fig. 9 ). At all time-points, p-MWNT aggregates were observed in close association with the plasma membranes of cells and within large vesicles inside the microglia. Even after a 72 hr chase, some aggregates remained incompletely internalized by the microglia (Fig. 9c ). This result agrees well with optical and SEM microcopy reported here (see Fig. 2g-l, 3h) . In contrast to 20AO and 100AO MWNTs, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 29 highly defective graphitic structures were not observed in pristine MWNTs. However, very few internalised p-MWNTs could be studied due to the limited uptake of these MWNTs. 
Discussion
C 60 and SWNTs and MWNTs (pristine and functionalised) are known to be taken up into the brain, either via olfactory neurons or via the blood brain barrier, which has made the neurotoxicity of carbon nanostructures a pertinent issue [7, 8, 45, 46] . Here for the first time, the effects of pristine and AO MWNT exposure to microglia have been assessed using a correlative approach to analyze cellular interactions with extracellular and internalized multiwalled nanotubes and aggregates. Aggregation state has been identified as one of the factors influencing the cytotoxicity of MWNTs [47] and concerns exist about the potential for 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 30 MWNT clusters of particular sizes and aspect ratios to cause frustrated phagocytosis, leading to inflammation and possibly fibrosis [19] . Extracellular aggregates of MWNTs, which may be present in the brain following cortical stereotactic administration [21] , detachment from implanted neural interfaces [12] , or aggregation of individual CNTs which have crossed the BBB, were studied using light microscopy and correlative FIB-SEM. The use of this correlative approach has enabled the same internalisation events tracked by live cell imaging to be studied at higher resolution in the SEM, confirming the identity of the opaque particles as MWNT aggregates and providing evidence of AO MWNT internalisation as well as the close association of N9 microglia with the surface of both pristine and AO MWNT aggregates (Fig 3) . The avoidance of any tagging procedures, and their associated changes to the CNT physiochemical properties, is a major advantage of this correlative approach.
Of major importance is the finding that extracellular aggregates of AO MWNTs can be broken down by phagocytic microglia without inducing changes in the cell metabolism/activation state. The exact mechanism of extracellular breakdown of 100AO
MWNT aggregates by N9 microglia is not known, although we hypothesize that attachment of multiple microglia to a single aggregate may play role in the breakup of the aggregate through a disentanglement mechanism. The reasoning behind this hypothesis is as follows:
1. A single macrophage cell, a related phagocytic cell type, has been reported to generate forces of up to 8 × 10 4 pN on a pipette tip around 6-10 μm in diameter [48] .
2. The critical force required to break an individual MWNT is reported to range from ~5 × 10 5 pN [49] to ~2 × 10 7 pN [50] . These values are at least an order of magnitude larger than the force exerted by a single phagocytic cell. Even accounting for the vacancies and related defects which are expected to be present in the walls of oxidized CNTs, molecular dynamical simulations suggest that this critical force is only reduced by a factor of two [51] . Breakage of individual MWNTs is therefore unlikely to be a 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 31 common occurrence during the extracellular processing of both pristine and AO MWNT aggregates by phagocytic cells.
3. In contrast, Blighe et al. found that the average force required to separate a junction between two SWCNT bundles within a nanotube film is only ~100 pN [52] . Also of relevance is their observation that the mechanical properties of the films had a strong dependence on the film morphology, and a comparatively weak dependence on the functionalisation of the constituent SWNTs.
While the separation force has only been estimated for SWNT bundles, if we assume similar separation forces between two individual MWNTs, these figures suggest that phagocytic microglia may be capable of MWNT disentanglement where fewer than ~100 junctions are required to be separated. In contrast, clusters of pristine MWNTs were rarely broken down by the microglia. Previous studies have demonstrated the importance of electrostatic interactions between CNTs and cell membranes during alternative uptake routes such as membrane piercing [53, 54] . Electrostatic considerations may also be important in the disentanglement process, however as the pristine and AO MWNTs used in the present study display similar zeta potential values in cell medium, the difference in disentanglement is likely dominated by other factors. Instead, the ability of microglia to break apart AO MWNT aggregates but not pristine MWNT aggregates may be related to the different lengths of pristine and AO MWNTs, and therefore differences in the degree of entanglement , or number of contacts per nanotube, within the aggregate structure. Further work is required to determine the nanostructure within CNT aggregates, however performing this characterisation within the appropriate liquid environments presents a significant analytical challenge.
This work complements the work on CNT biopersistence by Sato et al. [22] . The disentanglement of aggregates of AO MWNTs could reduce the risk of fibrosis and increases the potential for internalisation, and therefore further intracellular biodegradation. The   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 only observed after ~12 hours (Fig. 2c) . AO MWNTs were found to be readily internalized by microglia after 24 hours, with 52% ± 2% of 100AO MWNTs and 40% ± 3% of 20AO
MWNTs interacting with N9 microglia after 24 hrs. This corresponds to a mass of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Bertulli et al. [24] using Raman spectroscopy for uptake quantification. Increased uptake of protein-SWNTs will be related to a range of factors including the larger population of individualized SWNT in these dispersions.
Due to the high degree of pristine MWNT aggregation in the cell medium, the uptake of pristine MWNTs was not quantified using UV spectroscopy, but qualitatively assessed using live-cell imaging, SEM and TEM. Consistent with light microscopy and SEM observations, TEM imaging revealed that pristine MWNT were mainly present as aggregates, and were often incompletely internalized by microglia after 72 hrs. While pristine MWNTs failed to affect microglial viability, pro-inflammatory cytokine release or NO production, a significant increase in ROS production was observed after 24 hrs. If the increased ROS can escape from within microglia cells, they can potentially induce damage, particularly to bystander cells in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 34 the CNS such as neurons and astrocytes [55] . The majority of published studies consider the biodegradation of CNTs for bio-applications, which employ acid oxidized/functionalised CNTs [43] . However, as intrinsic properties of MWNTs become reduced during acid oxidation treatments, pristine nanotubes are preferable in many engineering applications such as electronics or composites, and so it is necessary to also consider pristine MWNTs in the case of accidental or occupational exposure. The current study clearly demonstrates differences in uptake of pristine MWNTs compared to AO MWNTs. Within the first three days of exposure, pristine MWNT aggregates are rarely broken down by phagocytic microglia, and incomplete internalisation is often observed after 72 hrs, leading to ROS generation.
In the case of 20 and 100 AO MWNTs, TEM imaging revealed that individual and small clusters of MWNTs were internalized by phagocytosis and piercing of the plasma membrane.
Internalized AO MWNTs were observed in vesicles, multilaminar bodies and within the cell cytoplasm, but never in mitochondria nor in cell nuclei. The presence of 20 and 100AO
MWNTs within the microglia cytoplasm without apparent cytotoxicity demonstrates an attractive opportunity for using MWNTs to deliver therapeutics to the brain. However, localisation of AO MWNTs in the cytoplasm as well as multilaminar bodies also has implications for the biostability of MWNTs in cells and tissues. Recently, many in vitro studies have simulated CNT biostability through exposure to enzymes, some for extended periods of time. Oxidised single walled nanotubes (ox-SWNTs) were found to disintegrate and lose their graphitic structure by enzymatic catalysis when incubated with horseradish peroxidase for 16 weeks at 4 ºC [56] or 10 days at RT [57] , while the human neutrophil enzyme myeloperoxidase (hMPO) degraded ox-SWNTs after just 24 hrs [58] . However, oxidised MWNTs took significantly longer to degrade, with one report finding incomplete digestion after 60 days incubation with horseradish peroxidase in the presence of hydrogen 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 35 peroxide [59] and another finding a half-life of MWNTs of as long as 80 years [60] . The livecell imaging in this work reveals the ability of microglia to disentangle and internalise AO MWNT aggregates. This process increases the proportion of the extracellular MWNT population which is able to enter via the phagocytic pathway, and hence the proportion of MWNTs which could potentially be degraded within oxidative environments in the microglia.
However, the TEM imaging reported here also indicates that a portion of these MWNTs are able to escape from the phagolysosomal pathway, and sequester in the cell cytoplasm after as little as two hours exposure. While microglial cell death and subsequent phagocytosis may return these MWNTs to the phagolysosomal pathway in the long term, these observations suggest that in vitro enzymatic studies, which assume continual exposure to oxidative environments, may overestimate the degradation rates for MWNTs located in the cytoplasm, as well as those remaining in the extracellular space.
Conclusion
This study demonstrates the effects of MWNT functionalisation and aggregation state on internalisation and biostability in N9 microglia. Correlative live-cell and high-resolution
imaging reveals dynamic processes of disentanglement of MWNT aggregates by microglia, for AO MWNTs but not pristine MWNTs. This disentanglement process is a crucial step in the internalisation of MWNT aggregates, and is expected to impact on the long term biodegradation and clearance of MWNTs. AO MWNT internalisation and cell association was determined by UV spectroscopy to be 52% ± 2% of 100AO MWNTs and 40% ± 3% of 20AO MWNTs interacting with N9 microglia after 24 hours. While AO MWNTs were readily internalized by microglia, neither pristine nor AO MWNTs affected cell viability or activation state after 24 hrs. However, the incomplete internalisation of pristine MWNTs resulted in increased ROS production. Taken together, our results show that the MWNT length and defectiveness must be controlled to achieve optimal and non-toxic delivery of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   36 MWNT therapeutics, and also to increase the human safety of this class of nanomaterial. The balance between the amount of phagocytosed MWNTs and their escape from the phagolysosomal pathway into the cell cytoplasm has implications for the true degradation rates of AO MWNTs in vivo. More generally, the present results highlight the need for further correlative studies in other target organs to assess the role of MWNT aggregation on cellular uptake and biopersistence. Further work is especially relevant in the lung, where there is a risk of depositing MWNT aggregates through inhalation [61, 62] , and therefore a need to determine the ability of alveolar macrophages to process extracellular MWNT aggregates .  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 
